Summary. Cell-surface hydrophobicity of Helicobacter (formerly Campy1obacter)pylori was tested by aqueous two-phase partitioning and hydrophobic interaction chomatography. The hydrophobicity of H . pylori greatly exceeded that of Campylobacter fetus subsp. fetus, C. jejuni and Bacillus subtilis. A partition coefficient (PC) of hydrophobicity in the two-phase system was determined for H. pylori. PC was dependent on pH and the PC value was increased by greater than 20-fold at pH 2.5. Lithium cations increased PC, indicating a net negative surface charge. The presence of urea prevented the relative loss of hydrophobicity at raised pH. Exposure of H. pylori to proteolytic enzymes reduced the ability of the bacteria to adhere to human polymorphonuclear neutrophils (PMN). These findings suggest that H . pylori possesses protein-associated hydrophobic factors that are responsible for the nonopsonic adherence to PMN cell membranes.
Introduction
The organism formerly called Campylobacter pylori, which causes gastritis and predisposes to duodenal ulceration,' has been shown by rRNA sequencing not to belong in the genus Campylobacter. 2 Genotypically, C. pylori may be closer to Wolinella, but there are marked phenotypic differences between these organisms, and C. pylori has now been renamed Helicobacter py10ri.~ H. pylori is one of a group of organisms adapted for survival at the gastromucosal surfaces of the intestinal tracts of man and other animals.49 Their specialised adaptation to the conditions at the mucus linings of the gut has been associated with various properties, including morphology and motility,6 urease prod~ction,~ mucin degradation,8 micr~aerophilism~ and endotoxin production. '
Attachment of bacteria to eukaryotic cell membranes has been identified as an essential primary event in pathogenesis, resulting in subsequent invasion and inflammation. An intimate adherence in vivo of H . pylori to human gastric mucosa has been demonstrated' ' and adherence to cultured cell lines has also been observed in vitro.'* Bacterial cell-surface hydrophobicity has been demonstrated to have a role in attachment of intestinal pathogens to mammalian cells. ' [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The physico-chemical Received 22 Aug. 1989; accepted 8 Nov. 1989. characteristics of the interactions with mammalian cell membranes has been investigated for various bacterial species. The smooth-to-rough conversion of the outer cell walls of enterobacteria has been shown to result in increased hydrophobicity,' concomitant with increased adherence to human polymorphonuclear neutrophils (PMN). ' Enteropathogenic Escherichia coli possessing the K88 antigen has enhanced hydrophobicity and increased invasiveness. ' However, the physicochemical nature of such bacteria-host interaction has not been determined for H . pylori.
This study aimed to determine whether the observed close association of H . pylori with gastric mucosal cell linings is related to bacterial surface hydrophobicity. The hydrophobic properties and surface charge of clinical isolates of H . pylori and other species were determined and correlated with adherence to PMN.
Materials and methods

Bacteria
The H. pylori isolates used in this study were cultured from duodenal and gastric biopsy material of patients suffering from ulceration or chronic gastritis, as described previously." The strains H. pylori NCTC 11637 and H. pylori FAZ were provided by the Department of Microbiology, Royal Perth Hospital, Western Australia.
C . jejuni ATCC 33560 was used as a standard Campylobacter strain. The various isolates of C. fetus subsp. fetus and subsp. venerealis and C. jejuni used were obtained from infected clinical material. The clinical isolates of H . pylori were identified by criteria described by Marshall et a1. 19 All the H . pylori strains produced urease and had undergone multiple subculture on chocolate agar. Longterm storage of Campylobacter and Helicobacter spp. was in glycerol-TSB at -80°C. Salmonella minnesota 2 18s is a wild type strain, virulent for mice and possessing a complete smooth lipopolysaccharide (LPS). S. minnesota R595 is a rough mutant of the parent strain S. minnesota 218s which lacks the LPS 0 antigen repeating subunits. The Bacillus subtilis used was strain NCTC 8236. All strains were lyophilised for storage and subcultured on to blood agar in preparation for experiments. Prior to experiments, the Helicobacter and Campylobacter strains were grown on chocolate agar in a micro-aerophilic atmosphere at 37°C for 3 days, subcultured on to fresh chocolate agar and growth was harvested by scraping into saline 0.85%. The bacteria were washed three times in the appropriate buffer before use.
Radiolabelling and pre-treatment of bacteria
Radiolabelled bacteria were prepared by growth on chocolate agar in the presence of 0.9 MBq H3-adenine (specific activity 0.7 TBq/mmol: Cen Saclay, Yvette, France), apart from S . minnesota strains which were radiolabelled by growth on blood agar in the presence of 0.2 MBq (3H-methyl) thymidine (specific activity 1 ~6 3 TBqlmmol). Washed radiolabelled bacteria were suspended (lo9 cfulml) in 0 . 0 3~ Tris buffer (pH 7.0). Acid-pretreated bacteria were prepared by mixing 60p1 of bacterial suspension with 1 ml of 0.2M glycine-hydrochloride (pH 2-3). The bacteria were incubated for 30 min at 37"C, centrifuged at 8000g for 1 min, and the pellets were washed twice with the appropriate buffer. Pretreatment with proteolytic enzymes was performed by incubating lo9 bacteria in 60 p1 Tris buffer with 1 ml of trypsin (Difco Laboratories, Detroit, MI, USA; 0.5% w/v in 0 . 0 3~ Tris buffer, pH 7.0) or 1 ml of pepsin (Boehringer Mannheim GmbH, West Germany; 0.5% w/v in Tris buffer, pH 2.3) and incubating for 30 min at 37°C. The bacteria were then washed twice with the appropriate buffer.
Hydrophobic interact ion chroma tograph y
Relative cell surface hydrophobicity between different bacterial species was determined by hydrophobic interaction chromatography. ' Briefly, phenyl-sepharose CL-4B (Pharmacia Fine Chemicals, Uppsala, Sweden) was washed with PBS (pH 7.0) and glass columns plugged with a glass bead were prepared containing 1-ml packed bed volumes of phenyl-sepharose. The radiolabelled bacteria suspended in PBS were adjusted to an optical density of 1.0 at 620 nm and the columns were loaded with 0.4 ml of the bacterial suspension. Non-adsorbed bacteria were eluted with four column volumes of PBS.
Comparison of the radioactivity of the eluates with the appropriately diluted 0-4-ml volumes of the original suspension was used to determine the degree of adsorption. As an additional control, strains of H. pylori were also chromatographed on non-hydrophobic cross-linked Sepharose CL-4B (Pharmacia Fine Chemicals).
Aqueous two-phase partitioning
Partitioning of bacteria was determined by a modification of the method described by Albertsson.*' The twophase system contained polyethylene glycol 6000 4.4% w/w (PEG; Union Carbide, New York), dextran T500 (Pharmacia Fine Chemicals, Uppsala, Sweden) 6.2% and 0 . 0 3~ Tris buffer. Bacterial cell-surface charge was determined by partitioning in the presence of 25 mM lithium chloride and sodium chloride as described by Johansson.*' The pH was adjusted to 7.0 unless otherwise indicated. Equal volumes (2 ml) of each phase were mixed in 10-ml polypropylene tubes by inverting the tubes several times. The tubes were allowed to equilibrate at ambient temperature for 2 h. Partition volumes and pH were measured before and after each experiment. Samples of radio-labelled bacteria (50 pl; lo9 cfulml) in 0 . 0 3~ Tris buffer were added to the partitioning tubes and mixed by inverting several times. The phases were allowed to separate by standing for 30 min. To determine the phase separation of bacteria, triplicate 2 0 0 4 samples from the top (PEG-rich) and bottom (dextran-rich) phases were added to microtitration trays and the bacteria were collected on to glass fibre disks with a PHD cell harvester (Cambridge Technology Inc, Cambridge, MA, USA). Deposited radioactivity was determined with a Mark 11 1 liquid scintillation counter (Searle, Chicago, IL, USA).
In initial experiments, results obtained by radio labelling were correlated with bacterial viable counts. Viable bacteria were determined by inoculating 2 0 4 samples from the top and bottom phases into 2.5 ml of sterile saline 0.85% and subculturing 2 0 4 on to chocolate agar. Plates were incubated for 3-4 days and the numbers of colonies were counted. The effect of PEG and dextran on viability was determined by inoculating control tubes containing only PEG or dextran, and performing viable counts at time zero and after 30min, the partitioning period. No differential effect on viability was detected in PEG or dextran and partition results obtained by determining viable counts did not significantly differ from those obtained with radiolabelled bacteria.
A partition coefficient (PC) was calculated from the ratio of bacteria in the upper (hydrophobic) and lower (hydrophilic) phases; hence a high PC value correlated with hydrophobicity and a low PC value with hydrophilicity.
Bacterial adherence to PMN
Human peripheral blood PMN were prepared by sedimentation in dextran and centrifugation through ficoll-hypaque as described previously. " 3H-radiolabelled bacteria (0.12 ml; 5 x lo8 cfulml) were added to test tubes containing 0.6 ml of PMN, 107/ml in gelatin O.l%-Hanks's Balanced Salts Solution (G-HBSS; pH 7.4) giving a ratio of bacteria : PMN of 10 : 1. The total volume was adjusted to 1.2 ml with G-HBSS and controls without PMN were included. The tubes were incubated at 37°C in a shaking water bath at 110 oscillations/min; 0.25-ml samples were removed and added to 5 ml of ice cold PBS (pH 7.4). The tubes were centrifuged at 164 g at 4°C for 10 min to separate cell-adherent bacteria from free bacteria. PMN pellets with adherent bacteria were then washed twice in ice-cold HBSS, resuspended in scintillation fluid and their radioactivity was determined. Control tubes containing bacteria but no PMN were treated identically and the radioactivity obtained after centrifugation was subtracted from the radioactivity of PMNassociated bacteria. Total radioactivity added was determined from uncentrifuged 0.25-ml samples of control tubes without PMN. The percentage of PMN associated bacteria was calculated from the formula: Adherent bacteria *dpm in PMN pellet -dpm in control dpm in uncentrifuged control x 100
--(* dpm = disintegrations/min).
Results
Assessment of hydrophobicity by hydrophobic interaction chromatography
When passed through phenyl-sepharose CL-4B, H . pylori strains were all strongly retarded (table l), retention ranging from 94% to 98%. Retention of C. jejuni, C. fetus and B. subtilis was considerably lower. The rough variant of S . minnesota (R595) was strongly bound (77.9%) to the phenyl-sepharose whereas the smooth strain (218s) was poorly retained (10%) by the gel. Increased retention on phenyl-sepharose correlates with bacterial cellsurface hydrophobicity. To determine whether binding of H . pylori with the polysaccharide gel structural lattice occurs, the bacteria were chromatographed on non-hydrophobic cross-linked Sepharose CL-4B. None of the strains were significantly retained (not shown).
Efect ofproteolytic enzymes on retention by phenylsep ha rose
Both trypsin and pepsin treatment resulted in decreases in the retention of H . pylori on phenylsepharose. These decreases were only marginal except for the retention of H . pylori LLO which was reduced from 96.5% to 63.8%. However, even in the latter case, retention remained considerably higher than that of the two Campylobacter strains tested. These results indicate that, although proteolytic enzymes do have a slight effect on surface hydrophobicity of H . pylori, treated organisms were still hydrophobic and bound strongly to phenylsepharose. Table I 
Efect ofpH and alkali metal cations on bacterial hydrophobicity
Three strains of H . pylori, and the B . subtilis strain were partitioned in PEG-dextran over a pH range of 2-5-10, in the presence of 25 mM lithium chloride or sodium chloride (figure). In conditions of decreasing pH, the three H . pylori strains showed a considerable increase in hydrophobicity. A change of pH from 7 to 3 increased the PC value by greater than 1 log,, value for the H . pylori FAZ strain and similar increases were observed for the H . pylori NCTC 11637 and KAL strains. The PC value of B. subtilis was less than 1 in the presence of 25 mM sodium chloride, and remained unaltered when the pH was lowered. Throughout the pH range, partitioning in the presence of lithium cations increased pC values for all H . pylori strains and B. subtilis, indicating increased partitioning in the hydrophobic (PEG-rich) phase.
Efect of glycine-HCl and urea on bacterial hydrophobicity
H . pylori strains KAL and FAZ were exposed to glycine-HCl (pH 2.2) and the PC values in the PEG-dextran partitioning system were determined at pH 2.5 and pH 6-7 (table 111). Prior exposure of both strains to glycine-HC 1 increased the PC values in acid conditions by about 40%. When the pH of the partitioning system was adjusted to nearneutral, the PC values were decreased more than tenfold. However, even at pH 6.7 the partitioning of glycine-HC 1 -treated bacteria remained several fold higher compared to control bacteria, indicating that the enhanced hydrophobicity expressed following exposure to acid is retained under near-neutral pH conditions.
In a similar experiment, the effect of urea on the hydrophobicity of the H . pylori KAL strain was tested (table IV) . As expected, partitioning at pH 3.6 (final pH) increased the PC value by approximately 1 00-fold, compared to partitioning at pH 7.1. When the bacteria were partitioned in the presence of urea 1% at an initial pH of 2-5, the pH of the partitioning system rose to 8-7 due to the generation of ammonia by bacterial urease; however, the PC value remained 10-fold greater than that of control bacteria (no urea present) at pH 7-1, indicating that hydrophobicity is partly retained under alkaline conditions in the presence of urea.
Adherence of Helicobacter and Campylobacter to PMN
3H-adenine-labelled bacteria, either untreated or pretreated with proteolytic enzymes for 30 min at 37"C, were mixed with PMN and the number of PMN-associated bacteria was determined (table V). Adherence of the five H . pylori strains to PMN ranged from 5.8% to 33-4%, with four strains showing adherence > 15%. In contrast, < 1% of C. jejuni and C. fetus cells adhered to PMN. Pretreatment of all the H . pylori strains with trypsin reduced adherence by more than 90%. Prior exposure to glycine-HC1 buffer (pH 2.5) also reduced adherence of the H . pylori strains, with decreases ranging from 55% to 17% compared to controls. Exposure to pepsin further reduced the adherence of four of the five H . pylori strains tested and adherence of these pepsin-treated strains was not significantly different from adherence of untreated C. jejuni and C. fetus strains. The H . pylori strain LLO differed from the other strains as pepsin had only a marginal effect on adherence to PMN compared with their adherence after exposure to glycine-HC1 buffer alone.
Exposure of C. jejuni and C. fetus to proteolytic enzymes failed to significantly modify their adherence to PMNs.
Discussion
Bacterial hydrophobicity is recognised as an important factor in a wide array of bacterial- The results of this investigation indicate that H . pylori has high surface hydrophobicity and that this can be clearly and simply distinguished from the properties exhibited by certain other bacterial species by hydrophobic interaction chromatography. This screening test, however, was unable to detect the effect of decreased pH on hydrophobicity (unpublished observations). In order to investigate the effect of various physico-chemical treatments on surface hydrophobicity within the H . pylori group, the more sensitive two-phase partitioning in the aqueous biphasic PEG-dextran system must be used. With the addition of various alkali metal salts, hydrophobic partitioning can determine the surface charge potential of bacteria. In this system, the upper, PEG-rich phase is more hydrophobic than the lower, dextran-rich phase and hydrophobic particles tend to concentrate in the upper phase. The addition of cations to the dextran-PEG-water system changes the partitioning of charged particles by altering the relative charge densities of the two phases. This occurs through interaction of the cations with the negatively charged moieties of the carbon-oxygen dipoles in PEG and diminishes the anionic strength of the hydrophobic PEG phase. The extent of ion-dipole binding by lithium cations is greater than that with sodium cations2' and lithium salts move negatively charged particles more to the upper hydrophobic phase than do the 27 The enhanced partitioning of H . pylori in the PEG phase in the presence of lithium cations confirms that these bacteria are also negatively charged. C. fetus possesses an acid extractable outermembrane glycoprotein which may be responsible for the antiphagocytic properties of this species. In the absence of this antigen, the bacteria have been shown to be susceptible to non-opsonic phagocytosis by bovine mammary macrophages.28 While the two strains of C. fetus used in this study also failed to adhere to PMN and thereby resisted phagocytosis, acid treatment, which extracts the outermembrane glycoprotein, did not enhance hydrophobicity or adherence to PMN, indicating that other factors distinct from this antigen are important in adherence to human PMN.
Trypsin-and pepsin-treated H . pylori retained significant hydrophobic activity (as demonstrated by attachment to phenyl-sepharose, table 11) yet adhered poorly to PMN, indicating the presence of a surface protein(s) responsible for PMN binding that is sensitive to proteolysis but is not the sole or major determinant of hydrophobicity. An association of hydrophobicity with cell-surface proteins has been described for several bacterial species' 3 9 2 9 9 30 and the adherence of enteroadherent E. coli to plasma membranes has been shown to be mediated by hydrophobic pilus ad he sin^.^ Under physiological conditions, H . pylori is likely to be exposed to an acidic environment. The ability of the bacteria to retain hydrophobicity after acid exposure and consequent extraction of cell-surface proteins32 may therefore be of functional significance. Treatment of H . pylori with glycine-HC1 at
